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During the West African monsoon season, precipitation is strongly coupled to soil
moisture availability. This interaction is generally understood as a positive feedback
mechanism, and has been considered on very different spatial and temporal scales.
Past research has mainly focused on this feedback in terms of the effects on general
precipitation patterns, not on a single convective system. In this research, a single
squall line is reproduced using the Weather Research and Forecasting Advanced
Research (WRF-ARW) mesoscale weather model. Model results are analyzed and
compared with surface and upper-air observations.
A sensitivity analysis on the influence of soil moisture on the squall line is
performed through five numerical experiments. In four experiments, soil moisture
is increased or decreased with respect to a control experiment. This is done in
two manners: by affecting soil moisture most strongly in the wetter places in the
modelled domain and by affecting soil moisture most strongly in the drier places.
Minor deviations occur in the path of the squall line after modifying soil moisture
most strongly in the wetter places. Systematic deviations occur in its path after
increasing soil moisture most strongly in the drier places. A mechanism is proposed
that connects the applied soil moisture modifications to larger-scale flow patterns
that determine the path of the squall line. In all five experiments, the precipitation
intensity of the squall line strongly declines when the system moves towards western
areas with lower soil moisture values. It is concluded that a positive effect of local soil
moisture on precipitation intensity in passing squall lines is likely on the considered
length-scale of 100 km. Until now, this mechanism has only been shown for much
smaller spatial scales. Copyright c© 2010 Royal Meteorological Society
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1. Introduction
West Africa is one of the regions on earth where a strong
coupling is present between soil moisture and precipitation.
Such strong coupling is generally found in regions where
evaporation is strongly controlled by soil moisture, mostly in
transition zones between wet and dry climates like the Sahel
region of West Africa (Koster et al., 2004). In the present
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study, the coupling between soil moisture and convective
precipitation is considered, as large line-shaped convective
systems (squall lines) are the primary cause of precipitation
in West Africa (Rowell and Milford, 1993).
The forms of coupling between soil moisture and
convective precipitation are generally interpreted as
positive feedback mechanisms, in which soil moisture
enhances precipitation through evaporation and increased
tropospheric moisture availability for convective systems.
In such a feedback mechanism, local moist conditions
are maintained or even amplified by a positive effect of
soil moisture on precipitation, increasing soil moisture,
and dry conditions are maintained or amplified by the
opposite effect. Such mechanisms have been considered on
very different spatial and temporal scales. In a number of
studies, it is shown that surface characteristics including soil
moisture have an important role in triggering or maintaining
multi-year West African drought periods (Charney, 1975;
Nicholson, 2000). Douville et al. (2001) and Douville (2002)
have shown that in numerical models, for different realistic
values of soil moisture, increasing soil moisture on a large
scale significantly increases seasonal precipitation sums.
Looking at much smaller scales, Taylor et al. (1997) noticed
from observations in a small area of West Africa that
soil moisture differences on a length-scale of less than
20 km can cause significant differences in local planetary
boundary layer (PBL) properties and subsequently in
local precipitation amounts. In the explanatory mechanism
proposed by Taylor et al. (1997), a patch with high soil
moisture due to antecedent precipitation can, by moistening
the PBL above, locally increase precipitation intensity in
single squall lines that pass over. This induces a feedback
mechanism by which heterogeneities in soil moisture and
precipitation on this scale can persist for prolonged periods.
Taylor and Lebel (1997) showed that such persistent patterns
are also evident from rainfall observations elsewhere in West
Africa, and recommend studying this small-scale positive
feedback mechanism with numerical models. Gaertner et al.
(2010), however, modelled a case in which a patch of high
soil moisture locally reduced precipitation in a passing
squall line, reflecting complex soil moisture–precipitation
feedback. Gantner and Kalthoff (2010) found that, in
a mesoscale weather model, drier surfaces can trigger
convection; however they can also weaken convection in
an existing squall line. Taylor and Ellis (2006) showed
that for smaller convective systems wet soils can suppress
convective rainfall and initiation of convective systems.
Coupling between soil moisture and precipitation also acts
through a modification of flow patterns by soil moisture.
Much like the mechanism of sea-breeze circulations, soil
moisture gradients can influence flow patterns by their
effect on sensible heat flux (through the Bowen ratio)
and lower tropospheric air density. Yan and Anthes
(1988) showed by idealized two-dimensional numerical
experiments that, through such a mechanism, soil moisture
gradients can generate mesoscale circulations and convective
precipitation. Taylor et al. (1997) have also concluded that
patches of high soil moisture with a length-scale of 10 km can
modify local patterns of flow and convergence, which could
affect the path and intensity of passing convective systems.
Taylor and Lebel (2007) provided case-based evidence for
the presence of flows induced by soil moisture from recent
rainfall. Douville (2002) showed that soil moisture over
West Africa has not only local but also remote influences on
precipitation. Hacker (2010) showed that the predictability
in numerical weather prediction (NWP) of winds in the PBL
is dependent on the uncertainty in soil moisture.
The character and implications of the above-mentioned
mechanisms of coupling between soil moisture and
precipitation that exist in West Africa are still poorly
understood. This is largely due to the lack of (dense and
long-term) observations of soil moisture in this area and
in other semi-arid regions. For improving the forecast skill
of droughts and flash floods, and of precipitation patterns
in general, it is important to improve our knowledge of
these couplings between soil moisture and precipitation.
This is particularly true for West Africa, as societies here are
extremely sensitive to rainfall (Sultan et al., 2005).
Most past research on the subject has concentrated on
the effects of soil moisture on precipitation averaged over
longer periods. It has been recognized that soil moisture
has a strong influence on average precipitation patterns.
There are some studies available in which the effects of soil
moisture on single convective cases are investigated, e.g.
Taylor and Lebel (2007), Kohler et al. (2009) and Taylor
et al. (2010). However, still little is known about the effects
of soil moisture in the context of an individual precipitating
system. Therefore, in the present study we investigate the
influence of soil moisture on one squall line in the Sahel
region of West Africa. Our main research questions are:
(1) What are the effects on a single squall line of
modifying (increasing and decreasing) the amount of
soil moisture, as well as modifying its spatial gradients?
(2) What are the effects of soil moisture gradients along
the path of a squall line on its precipitation intensity?
Regarding the first research question, we focus on the effects
of modifying soil moisture patterns on the path of the squall
line. The second question connects to the above-described
work of Taylor and Lebel (1997) and Taylor et al. (1997).
The main differences are our single-squall-line approach
and the fact that in the present study the most important
gradients of soil moisture were observed on a length-scale
of hundreds of km, a much larger scale than the 10–20 km
scale that is considered in their work.
To answer our research questions, an observed squall-
line situation is reproduced in numerical experiments using
the Weather Research and Forecasting Advanced Research
(WRF-ARW) mesoscale weather model (see section 4), with
different initial spatial distributions of soil moisture. Thus,
the effects of having a wet or a dry soil in different parts of the
area are studied systematically. To discuss the connection
of the model to reality, the effects on the surface-energy
balance of soil moisture in these numerical experiments are
validated with observations.
The present study is carried out in the context of
the African Monsoon Multidisciplinary Analyses (AMMA)
campaign (Redelsperger et al., 2006). This is an intensive
and multidisciplinary measurement and analysis campaign
that started in 2002, aiming for a better understanding
of different aspects of the African monsoon system. The
observations used to validate our numerical experiments
are part of the second AMMA Special Observation Period
(SOP2) in the summer of 2006. As a case for our numerical
experiments, a typical West African squall line that occurred
around Niamey, Niger on 25 July 2006 was selected. This
situation is characteristic for summerly convective rainfall
in this area. Also, one other numerical study (Barthe et al.,
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2010) has considered the same case. In their work, the case
has been reproduced in the model and analyzed, but no
sensitivity analyses were carried out.
2. Situation description
On 25 July 2006, the date of our case study, a West African
monsoon (hereafter WAM) circulation was observed over
West Africa. On the synoptic scale, the most important
driver of the WAM circulation is a distinctly developed
Saharan surface heat low, visible as a belt of low sea-
level pressure centred around a latitude of 20◦ N (Figure
1(a)). South of these latitudes, this low-pressure system
generates a southwesterly flow near the surface, bringing in
moist air from the Atlantic Ocean and causing convective
precipitation (Figure 1(b) shows the convective systems
present in the observed case). The WAM is most distinctly
present in the months of June–September (Peters and
Tetzlaff, 1988), when the Saharan heat low is strong enough
to turn around the dry northeasterly trade winds, advancing
the Intertropical Convergence Zone (ITCZ) northward into
West Africa.
Whereas in the studied situation near the surface the
distinction between moist southwesterly monsoon winds
and dry northeasterly trade winds is typical, at 850 hPa
cyclonic disturbances are visible (Figure 2(a)) that are
manifested as troughs at 700 hPa (Figure 2(b)). Such
disturbances are known as African Easterly Waves (AEWs).
AEWs move westward in the predominant easterly flow
in the middle and upper troposphere. They are strongly
linked to convective activity, with most convective systems
occurring on the west side of AEWs over the African
continent (Diedhiou et al., 1999).
In the above-described synoptic setting, several
mesoscale-sized convective systems (hereafter MCSs) are
active. For our simulations, we have selected the situation
in which a MCS passed over Niamey in the morning of 25
July 2006. The MCS formed in the evening of 24 July along
the border of Niger and Nigeria east of Niamey, north of
the Jos plateau. It passed over Niamey in its mature stage
around 08:30 local time on the morning of 25 July. Figure
1(b) shows an infrared satellite image from this moment.
From radar and rain-gauge measurements (not shown) it
follows that this is a south–north oriented squall-line type
convective system. The system leaves cumulative precipita-
tion amounts of 20–40 mm at the locations over which its
most active parts pass. See Barthe et al. (2010) for a more
detailed description of the case.
3. Squall lines
In our case study, the responses of a squall line to soil
moisture are investigated. In order to understand the
mechanisms through which squall lines can react to soil
moisture, a brief description of their structure is given.
A thorough description of the structure of squall lines
is given by Houze (1977). A squall line is a line-shaped,
organized convective system. Its leading edge consists of
a long (usually longer than 100 km) line-shaped region of
strong updrafts (the convective region), which is continuously
fed by a low-level inflow of thermodynamically unstable air.
This air is forced upward by the outflow of cool air behind the
convective region. The continuous inflow of local low-level
(PBL) air is an important cause of the sensitivity of individual
squall lines to surface conditions such as soil moisture. The
convective region of a squall line is characterized by strong
rainfall. Behind this region, there is a larger area consisting of
aged convective cells and their remnants, called the stratiform
region of the system, which is characterized by precipitation
with a smaller intensity.
The direction of motion of a squall line is mostly
determined by the flow pattern and air properties external to
it. In a simple model proposed and validated by Corfidi et al.
(1996), large convective systems move with two horizontal
components: one parallel to the mean flow in the cloud-
bearing layer, and one directed 180◦ against the inflow
on lower levels. The first is the advection of the system.
The latter is caused by the fact that new convective cells
have a tendency to propagate most strongly against the
direction of the inflow into the system. Corfidi et al. (1996)
discussed mesoscale convective complex (MCC, a class of
large MCS) convection in general, not West African squall
lines specifically. We think that the model these authors
proposed is valid for West African squall lines, because these
propagate by convergence along a surface outflow barrier.
This convergence is strengthened by the low-level inflow.
In the present study, following the theory of Corfidi et al.
(1996), a mechanism is proposed in which soil moisture
influences the inflow into a squall line, influencing its
direction of motion. We have also used the knowledge
that according to Laing and Fritsch (1993) West African
MCCs tend to propagate in the direction of the low-level air
with high equivalent potential temperature (theta-e).
4. TheWRF-ARWmodel
We have performed our numerical experiments with version
3 of the WRF-ARW mesoscale weather model (Skamarock
et al., 2008). In order to determine which is the best dataset
to extract the model’s atmospheric initial and boundary
conditions from, we have validated the NCEP reanalysis
and the ECMWF (European Centre for Medium-Range
Weather Forecasts) Interim Reanalysis (ERA-Interim) with
observed vertical profiles. The ERA-Interim dataset was
selected for initial and boundary condition data in our
simulations. We have used these data on a horizontal
resolution of 0.5 × 0.5 and 21 vertical levels. The highest
level in this dataset was at 10 hPa. ERA-Interim analyses are
supplied every 6 h for lateral boundary conditions. Land-use
characteristics have been obtained from the United States
Geological Survey (USGS) dataset commonly used with
WRF-ARW. For our standard model run (hereafter ‘STD’),
soil moisture values have been obtained from ERA-Interim
using the following equations:
f = SMERA − WPERA
FCERA − WPERA , (1)
SMWRF = f ∗ (FCWRF − WPWRF) + WPWRF, (2)
where SMERA, WPERA and FCERA are the soil moisture,
wilting-point and field-capacity values in the ERA-Interim
dataset and SMWRF,WPWRF andFCWRF are the soil moisture,
wilting-point and field-capacity values in WRF. Quantity f in
Eq. (1) is often referred to as the soil moisture index. In ERA-
Interim one value for the wilting point is used for all grid
points, while in WRF (or in the Noah land-surface scheme
used in WRF) wilting points depend on the soil type. Figure
3 shows the initial soil moisture from the ECMWF dataset.
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(a)
(b)
Figure 1. (a) Sea-level pressure and surface wind vectors on 25 July 2006 at 07:00 local time. ‘N’: location of Niamey. Source: ECMWF ERA-Interim
reanalysis. (b) Meteosat IR10.8 image on 25 July 2006 at 08:30 local time. Green dot: location of Niamey. Yellow and red colours represent cloud tops
colder than −60 ◦C.
(a) (b)
Figure 2. Streamlines and geopotential height (contours) at 850 hPa and 700 hPa on 25 July 2006, at 07:00 local time. ‘N’: location of Niamey. Source:
ECMWF ERA-Interim reanalysis.
Figure 8 shows the initial soil moisture in WRF-ARW for the
standard experiment STD, obtained by applying Eqs (1) and
(2). There are strong differences between the soil moisture
field in ERA-Interim and the constructed WRF-ARW initial
soil moisture. These are mostly caused by differences
between the wilting-point values used in both models.
We have defined one model domain in our simulations
(Figure 3). The domain has 155 grid points in the zonal
and 123 grid points in the meridional dimension, and it
has a grid length of 10 km. Although WRF-ARW can be
run on much smaller (convection-allowing) grid lengths,
the grid length in our experiments was limited due to the
large area of the simulated domain. A 10 km grid length
is sufficiently fine to model MCSs, which are characterized
by a typical length-scale of 100 km (Houze, 1977). Also,
the applied soil moisture modifications and the discussed
effects of soil moisture on circulation have larger scales.
Although we have concentrated on convective systems that
passed in the vicinity of Niamey, the model domain was
centred one third of the east–west domain length east of
Niamey. This is done to also include the area of formation
of the (east–west moving) convective systems. The model
was run on 28 vertical levels, with the top model level
close to 55 hPa. Model runs have been initialized on 24
July 2006 at 0000 UTC (01:00 local time). All other settings
and parametrizations have been kept default (Skamarock
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Figure 3. Initial upper-layer soil moisture from ECMWF ERA-Interim
reanalysis, with WRF-ARW model domain, and locations of Niamey (‘N’)
and Wankama (‘W’).
Figure 4. South–north plot of zonal mean initial soil moisture content in
upper soil layer of the model, for all experiments. Niamey is located at
13.5◦N.
et al., 2008) because our simulations had no demand for
the use of any model options and schemes other than the
default. The Lin microphysics (Lin et al., 1983), rrtm long-
wave (based on Mlawer et al., 1997) and Dudhia short-wave
radiation (Dudhia, 1989) schemes, YSU boundary-layer
parametrization (Hong and Noh, 2006) and Kain–Fritsch
cumulus parametrization (Kain, 1993) were used, as well
as the Noah land-surface model (Ek et al., 2003). The
Kain–Fritsch cumulus scheme included parametrization of
deep convection. The land-surface model included four soil
levels, at 5, 25, 75 and 150 cm below the surface.
5. Observational data
The vertical profiles that are used to validate the ECMWF
and NCEP initial and boundary condition datasets and
the model’s surface energy balance are measured with
radiosondes at the airport of Niamey (location shown in
Figure 3). We have compared the model’s surface-energy
balance with measurements of surface radiative as well as
turbulent heat fluxes from Wankama (location shown in
Figure 3). The turbulent heat fluxes are measured using the
eddy-correlation method, above a millet and a fallow field
that are situated near each other. Of both land-cover types,
the millet is most representative for the area (Ramier et al.,
2009).
6. Numerical experiments
In our experiments, we have reproduced the larger-scale
situation in the observed case, featuring convective systems
similar to those observed. Thus, the experiments should not
be seen as attempts to reproduce the exact same squall line as
in the observed case. To be able to study the responses of the
modelled squall-line situation to soil moisture differences,
we have reproduced the situation under study with one
‘standard experiment’ (STD), and performed sensitivity
experiments for decreased and increased values of soil
moisture. In these sensitivity experiments, we have varied
soil moisture values in the model in two ways.
Two numerical sensitivity experiments are carried out
after decreasing and increasing soil moisture most strongly
in the wetter parts of the domain. This is done by applying
a factor to the value of f in Eq. (2) and putting values
equal to the field capacity where the value of the field
capacity is exceeded by the method. By thus multiplying
all soil moisture values with one factor, the parts of the
model domain with high soil moisture values (the wetter
parts) are most strongly affected in an absolute sense. For
these two experiments, multiplication factors of 0.75 and
1.5, respectively, are used. All described operations on soil
moisture have been applied to all modelled soil levels equally.
Two other numerical experiments are carried out after
increasing soil moisture values most strongly in the drier
parts of the domain. This is done by, for all grid points,
decreasing the difference between the soil moisture value
and the soil’s field capacity with a single factor. As the
difference between soil moisture and field capacity is largest
where it is driest, in this experiment the drier parts of the
model domain are most strongly affected in an absolute
sense. In these two experiments these differences between
soil moisture and wilting point have been decreased by a
factor of 2 and a factor of 1.4 respectively.
In the following text and figures, these different
experiments will be denoted by the abbreviations STD
(standard experiment), W- and W+ (experiments with soil
moisture decreased or increased respectively in the wetter
parts of the domain) and D+ and D++ (experiments with
soil moisture increased respectively moderately or strongly
in the drier parts of the domain).
Figure 4 shows the meridional variation of upper-layer
initial soil moisture in the model domain, in the above-
described standard and modified experiments. To show the
meridional variation over the whole model domain, these
soil moisture values are averaged from west to east (‘zonal
averages’).
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The most important connection of soil moisture to the
atmosphere is through its effect on the surface-energy
balance. In general, with higher soil moisture the surface
latent heat flux is increased and the surface sensible heat flux
is decreased. To compare these effects of soil moisture in
the model with reality, and to investigate the effects of the
applied modifications to soil moisture on the atmosphere,
first a validation of the model’s energy balance is carried out.
This is done by comparing surface heat fluxes at Wankama
in the numerical experiments with observed fluxes, and by
comparing vertical profiles in the experiments with profiles
observed at Niamey.
7. Methods of analysis
As mentioned in the Introduction, in analyzing the
experiments, we have focused on (1) differences between
experiments in the horizontal path of the squall line and (2)
the influence of spatial gradients along the path of the squall
line on its precipitation intensity. In order to analyze the
path of the convective systems in the experiments, we needed
to quantify objectively the central location of the convective
system for different time steps. For this, for every time
step first an approximate location is assigned by finding the
location of the highest vertical velocity at the 500 hPa level
(hereafter ‘W500’) in the model domain. Because it is as far
from the surface as from the tropopause, at the 500 hPa level
the vertical velocity is relatively high and thus the ‘footprint’
of convective systems is clearly visible in the 500 hPa pattern
of vertical velocity. Next, a square of 100 × 100 km2 around
this maximum is taken, and the average location of all
grid points where W500 exceeds 0.6 m s−1 is taken. In this
averaging, more weight is put on locations with higher W500
values, so that the average location is closest to the locations
with higher vertical velocities. This location is then taken
as the ‘centre’ of convective activity. Using this method, a
more ‘smooth’ and statistically robust path of the squall line
is obtained than with simpler methods such as only taking
the location of highest W500.
Focusing on the response of the system to spatial soil
moisture gradients in the model (research question (2) in
the Introduction), we will discuss whether variations in soil
moisture along the path of the squall line explain variations
in time in the precipitation rate of the system. Time series are
shown of mean soil moisture content in the vicinity of the
squall line, and these are compared with time series of mean
precipitation rate in the system. Because the effects of soil
moisture on precipitation intensity are studied, the (trivial)
effects of precipitation from the system on soil moisture
must be minimized in these time series. Therefore, soil
moisture is averaged over a (150 × 65 km2) rectangle that
has its easterly boundary 10 km west (ahead) of the centre of
the system (region ‘a’ in Figure 5). In this way, soil moisture
values are taken from the inflow region of the squall line
where they have their most important effect and where the
system is not yet precipitating much. Precipitation amounts
are averaged over a 150 × 85 km2 rectangle east of (behind)
this area (region ‘b’ in Figure 5), characterizing the region
with most precipitation. Grid points that represent surface
water and rivers (and thus have ‘soil moisture content’ of
1 m3 m−3) are excluded in the averaging of soil moisture.
We will also discuss the time evolution of the horizontal
area of the system and its convective intensity to assess
whether, apart from soil moisture, these quantities can
Figure 5. Mean rainfall intensity between time steps 29 and 30 (25 July at
06:00 and 07:00 local time) in the STD experiment, with the location of
the centre of the MCS system at time step 30 (black cross) and domains of
averaging of (a) soil moisture and (b) rainfall intensity.
explain variations in the system’s precipitation rate. As a
measure for the intensity of convection, we have taken the
maximum vertical velocity in a square of 150 × 150 km2
around the centre of the system (the square area in
Figure 5). As a measure for the precipitative area of the
convective system, we have taken the area within the same
square in which a vertical velocity at 500 hPa of 0.6 m s−1
is exceeded. This variable characterizes the area of the
convective region of the system, assuming that the area of
the whole precipitative region is proportional to this.
8. Model evaluation
8.1. Comparison of surface heat fluxes with observations
The present study focuses on the reaction of a squall-
line situation to changes of soil moisture in a numerical
model. Still, in the considered case there are many (AMMA)
observations available. Therefore, although we have focused
on the mechanisms present in the model, it is also interesting
to compare the model outcomes with these observations.
Focusing on the role of soil moisture, we have compared the
surface-energy balance in the experiments with observations.
Here, only the surface-energy balance in the experiments
with standard soil moisture (STD) and the experiment that
agreed best with observations (D++) are discussed. For this
check, we have taken the daytime period of 24 July 2006,
the day before the occurrence of the considered convective
system, because this day was relatively calm at the Wankama
and Niamey observation sites (locations in Figure 3). The
short-wave and long-wave radiation components in the
model (neither is shown) agree well with the observations
and are not discussed.
The most direct effect of soil moisture on the atmosphere
is its influence on the surface-energy balance, determining
the availability of water for evapotranspiration. This
water availability largely determines the decomposition of
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available radiative energy into surface sensible and latent
heat fluxes. Through this mechanism, in general with higher
soil moisture content the ratio between sensible and latent
heat fluxes (the Bowen ratio) increases.
Figure 6 shows surface heat fluxes both in the STD and
D++ experiments and in observations above both land-cover
types at the station near Wankama. In the experiment with
standard soil moisture, during daytime, observed sensible
heat fluxes (Figure 6(a)) are around 400% overestimated
over both land-cover types, while observed latent heat fluxes
(Figure 6(b)) are underestimated even more above both
land-cover types.
In the D++ experiment, the modelled sensible heat
flux agrees somewhat better with the observations, but
still overestimates the observed flux by around 250%. The
modelled latent heat flux now underestimates the observed
flux by around 25% above the fallow land-cover type, while
it agrees well with the latent heat flux observed above the
millet land-cover type. For both land-cover types, the ratio
between latent and sensible heat fluxes (the Bowen ratio)
in the D++ experiment agrees better with observations. In
all numerical experiments, the Bowen ratio increases with
increasing soil moisture, which is realistic. Although eddy-
correlation measurements of turbulent fluxes can be highly
variable in space, the variations within the Wankama area
should not be greater than the differences observed between
the fallow and millet fields.
Observations at the Wankama station show soil moisture
fractions at 10 cm depth of 0.07–0.09 for the fallow field and
0.07–0.11 for the millet field. Comparing these observations
with initial soil moisture at 5 cm depth in the STD model
experiment (Figure 8) yields similar values in this area. In
the D++ experiment, soil moisture (not shown) is even
higher than these observed values. Thus, it is not likely that
soil moisture is underestimated in the model. Presumably,
the characteristics of the ground cover near Wankama that
determine the sensible and latent heat fluxes are not well
modelled.
8.2. Comparison with observations of vertical profiles of
potential temperature and moisture
Local vertical profiles are representative for a larger area than
local surface heat fluxes. Therefore, we have investigated
whether the differences between observed and modelled
sensible and latent heat fluxes in Figure 6 agree with
differences in the vertical structure of the atmosphere.
In Figure 7, modelled and observed profiles of potential
temperature and specific moisture at Niamey are shown,
at 13:00 local time on 24 July 2006 (the same day as
in the validation of the surface fluxes). Modelled profiles
are shown for the standard experiment and for the D++
experiment. In the observed and modelled profiles, in the
lower 1–2 km a typical mixed layer can be distinguished,
where the potential temperature (Figure 7(a)) and specific
moisture content (Figure 7(b)) are around constant with
height. In the STD experiment, the potential temperature
in this mixed layer is overestimated by around 4 K while
its specific moisture content is underestimated by around
3 g kg−1. There is also an overestimation of the mixed
layer depth by around 1000 m in the experiment with
standard soil moisture. These disagreements in the model
are consistent with the overestimation of the sensible heat
flux and the underestimation of the latent heat flux seen in
Figure 6. In the experiment with increased soil moisture, the
overestimation of potential temperature in the mixed layer
has decreased until around 2 K, and the underestimation
of specific moisture in the mixed layer has decreased until
around 1 g kg−1. Also the mixed layer depth agrees better.
Thus, from these profiles it follows that with the increased
soil moisture in the drier parts of the model domain in the
D++ experiment, the modelled surface fluxes of sensible
heat and moisture have both come closer to the observed
vertical profiles near Niamey.
Summarizing, modifying soil moisture has induced
significant modifications to the surface-energy balance and
to the vertical structure of the atmosphere. With the standard
soil moisture values, both the observed surface heat fluxes
and the observed vertical profiles of temperature and specific
moisture point towards an underestimation of soil moisture
values. The reaction of the energy balance in the model
to increasing soil moisture in the dry parts of the domain
is realistic, with a decreasing sensible heat flux and an
increasing latent heat flux with higher soil moisture content.
With increased soil moisture in the drier parts of the
model domain, both the energy balance and vertical profiles
agree better with observations. In later sections, it will be
shown that this improvement of the representation of the
surface heat fluxes has a significant effect on the simulated
precipitation patterns.
8.3. The path of the squall line
Five numerical experiments are carried out with different
soil moisture distributions (see Figure 4), reproducing the
situation in which a squall line was observed on 25 July 2006
(hereafter 25 July), which is typical for the West African
region. In this section, differences in the properties of this
system between the experiments are discussed, investigating
the influence of soil moisture on the situation (research
question (1) in the Introduction). In all five experiments,
near Niamey a squall line is reproduced on 25 July. As an
example, Figure 5 shows a map of hourly precipitation in the
experiment with standard soil moisture, on 25 July between
06:00 and 07:00 local time, a moment in the mature stage
of the squall line. Figure 10(a) and (b) show horizontal
streamlines and contours of vertical velocity in the STD, D+
and D++ experiments at one time step in the mature phase
of the convective system.
The most distinct and systematic difference between the
experiments was found in the horizontal path followed by
the modelled convective system. Therefore we have focused
here on discussing this difference between the experiments.
In Figures 8 and 9, the locations of the squall-line centre
are shown in all different experiments, from the moment
at which the system was first picked up by the algorithm
used to track the squall line until the phase of dissipation.
As the algorithm only works well when the system is well-
defined, the origination of the squall line can not be easily
derived from Figures 8 and 9. We have looked subjectively
at the patterns of vertical velocity in order to determine
the location and time of initiation. The time of initiation
is around 21:00 local time on 24 July, similar to the time
at which the squall line in the observations originated. The
location is close to the Jos Plateau in Nigeria, around 400 km
further to the south than the observed system. In Figures
8 and 9 these locations are plotted for hourly time steps,
with time step 0 at the time of model initialization (24
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(a) (b)
Figure 6. (a) Sensible (‘H’) and (b) latent (‘LvE’) heat fluxes at Wankama, in WRF-ARW STD (‘standard’) and D++ experiments and in observations
above a millet and a fallow field.
Figure 7. Vertical profiles of (a) potential temperature (θ) and (b) specific moisture (q) at Niamey on 24 July at 13:00 local time, in the WRF-ARW STD
(‘standard’) and D++ experiments and in observations.
July, 01:00 local time). From these locations, the path of the
system in the different experiments can be derived. In the
D+ experiment, the squall line decayed earlier than in the
other experiments (this is also discussed in section 8.4). As
a result, the algorithm ‘jumps’ falsely to a smaller area of
convection far north of the squall line at time steps 42 and 43.
Figure 8 shows the locations of the squall line in the
standard experiment and in the experiments with soil
moisture increased and decreased most strongly in the wetter
parts of the domain (experiments STD, W- and W+). Figure
9 shows the locations in the standard experiments and in the
two experiments with soil moisture increased most strongly
in the drier parts of the domain (STD, D+ and D++). From
Figure 8, it follows that between the STD, W- and W+
experiments there is very little difference in the track of the
system. For most time steps its determined location is very
similar, and it is concluded that on modifying soil moisture
in the wetter parts of the model domain no systematic effect
on the path of the squall line is present. With increased soil
moisture in the drier parts of the model domain (the D+ and
D++ experiments in Figure 9), however, the system has a
more northerly track than with standard soil moisture, with
a deviation in the D++ experiment of around 100 km. This
deviation is of the same order of magnitude as the length of
the squall line itself. Also the northerly deviation increases
from the D+ to the D++ experiment, indicating a systematic
response to increasing soil moisture in the drier areas.
Earlier, it was concluded that increasing soil moisture in
the D++ experiment has improved the representation of the
surface fluxes in the model. From the fact that it has also
significantly modified the track of the convective system,
it is concluded that a more accurate representation of the
surface fluxes is relevant for the representation of the path
of squall lines in a mesoscale model. Thus, we think that
improving soil moisture initialization or the representation
of land–atmosphere interactions in numerical weather
prediction can be of great importance for forecasting the
path of West African squall lines. These results are in line
with the conclusions of Hacker (2010), who discussed the
influence of soil moisture initialization in NWP on the
predictability of winds in the PBL.
In the following an explanation is provided for these
differences in the path of the squall line with different soil
moisture values. First, we relate the differences in the path
of the squall line to differences in patterns of equivalent
potential temperature and wind, using the theory of Corfidi
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Figure 8. Locations of the squall line determined by vertical velocity at
500 hPa in hourly time steps after model initialization (24 July 2006 at
00:00 local time) in the STD, W- and W+ experiments. Colours: WRF-
ARW initial soil moisture content in the STD experiment. ‘N’: location of
Niamey.
Figure 9. Locations of the squall line determined by the vertical velocity
at 500 hPa in hourly time steps after model initialization (24 July 2006 at
01:00 local time) in the STD, D+ and D++ experiments. Colours: WRF-
ARW initial soil moisture content in the STD experiment. ‘N’: location of
Niamey.
et al. (1996) and Laing and Fritsch (1993). Subsequently,
we link these differences in wind patterns to the applied
modifications in soil moisture, with a reasoning that can be
compared with the theory of Yan and Anthes (1988).
Between the model experiments STD, D+ and D++ a
difference in flow is found at the level of 850 hPa (Figure
10). There were no differences in stream pattern observed
at higher levels (the ‘cloud-bearing layer’: Corfidi et al.,
1996) that could account for the differences in the path of
the squall line. Thus, our reasoning about the cause of the
observed differences in the squall-line path is focused on the
observed difference in flow at 850 hPa. Figure 10(a), (b) and
(c) show the larger scale flow at 850 hPa in the vicinity of
the convective system, on 25 July at 07:00 local time (time
step 30), a moment in the mature stage of the squall line.
In this figure, substantial differences are visible. Clearly, in
the D++ experiment cyclonic flow in the vicinity of the
convective system is enhanced compared with the other
two experiments. A distinct, but weaker, modification is
present from the STD to the D+ experiment. Furthermore,
the centre of cyclonic flow at 850 hPa in the dry regions
northeast of Niamey is weaker with increasing soil moisture.
It is plausible that increasing soil moisture in this area
has weakened the heat low normally present around these
latitudes (see Figures 1(a) and 2(a)).
From Figure 10(d), (e) and (f), which zooms in on the
convective system, it follows that, connected to this different
larger scale circulation, the direction of inflow into the
system at 850 hPa is also different. From Figure 10(a) and (d)
it follows that, in the experiment with standard soil moisture,
at 850 hPa the environmental flow approaches the squall line
from the west to northwest. With increased soil moisture in
the drier parts of the domain (D+, Figure 10(b) and (e)), this
inflow into the system comes mostly from a northwesterly
direction. In the experiment with soil moisture in the drier
parts of the domain increased even more (D++, Figure 10(c)
and (f)), the inflow comes from a northerly to northwesterly
direction. It appears that increasing soil moisture in the drier
parts of the model domain has caused a more northerly
direction of inflow into the squall line in the D+ and D++
experiments. According to the theory of Corfidi et al. (1996)
(see section 3), this more northerly direction of low-level
inflow could strengthen the propagation of the system to
the north, which would explain the more northerly path
that is observed. Also, in all experiments, in the vicinity
of the squall line theta-e at 850 hPa increases towards the
north (not shown). This suggests that in the D+ and D++
experiments the inflow of low-level high theta-e air from
the north is stronger, which suggests a stronger northerly
propagation according to Laing and Fritsch (1993). In this
way, using the conclusions of Corfidi et al. (1996) and Laing
and Fritsch (1993), the differences in 850 hPa flow shown in
Figure 10 can be connected to the observed difference in the
path of the system.
No differences in the structure and strength of the vertical
motion inside the convective system itself are observed
between the three experiments that could explain the
difference in circulation observed in Figure 10. Thus, the
differences in 850 hPa flow between the experiments must
be largely caused by phenomena external to the convective
system. Therefore, in the following we attempt to link the
applied differences in soil moisture between the experiments
with the observed differences in 850 hPa flow pattern,
assuming a mechanism that is external to the convective
system. We propose a mechanism in which soil moisture
influences the surface sensible heat flux and diurnal heating,
influencing the lower tropospheric temperature and in turn
influencing 850 hPa geopotential heights (hereafter Z850),
which determine the 850 hPa flow.
In order to corroborate whether in the numerical
experiments there is such a connection between soil moisture
and the 850 hPa flow pattern, we have plotted the variation
from south to north of the surface sensible and latent heat
flux, 950–850 hPa mean temperature, 850 hPa geopotential
height and 850 hPa V wind component (Figures 11 and 12).
Copyright c© 2010 Royal Meteorological Society Q. J. R. Meteorol. Soc. 136: 2162–2175 (2010)
Soil Moisture Gradients and Squall-Line Intensity 2171
(a) (b) (c)
(d) (e) (f)
Figure 10. Vertical velocity at 500 hPa and 850 hPa streamlines, for 25 July at 07:00 local time (time step 30) in the STD, D+ and D++ experiments, in
(panels (a)–(c)) the whole model domain and (panels (d)–(f)) zoomed in on the squall line. ‘N’: location of Niamey, black crosses: centre of the squall
line.
Figure 11. South–north variation of zonal means of (a) 24 July 07:00–25 July 07:00 local time (24 h) average sensible (‘H’) and latent (‘LvE’) heat fluxes
and (b) 24 July 7:00 and 25 July 7:00 local time mean temperature in 950–850 hPa layer, in all experiments.
These plots show values that are averaged in the west–east
direction over the whole model domain, as is done in Figure
4 for initial soil moisture. We have analyzed these ‘zonal
averages’ from south to north, because in the area under
study the strongest gradient of soil moisture is present in the
south–north direction (Figure 3). In this way, much of the
spatial variation present is captured in the figures. Because
geopotential height has a cumulative effect on wind patterns
(wind patterns need several hours to approach geostrophic
balance), and because the deviation of the path of the system
is already present before time step 30 (the time step for
which Figure 10 is valid), in these figures we have averaged
the heat fluxes, temperatures and geopotential heights over
several hours before this reference time step. We have taken
a period of 24 hours for this, in order also to include the
effects of diurnal heating on 24 July, the preceding day, on
the values. The V wind component at 850 hPa is shown as a
proxy for the circulation at this level. This is because we have
hypothesized that the difference in squall-line path between
the runs is caused by a difference in the northerly inflow
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(a) (b)
Figure 12. South–north variation of zonal means of (a) 24 July 07:00 local time–25 July 07:00 local time (24 h) average Z850 and (b) 25 July 07:00 local
time V850, in all experiments.
component into the system, which is parallel to the V wind
component.
Figure 11(a) shows the variation from south to north of
24-hour average sensible (‘H’) and latent (‘LvE’) heat fluxes.
In this figure, to be complete, we have plotted results from
all five numerical experiments (STD, W-, W+, D+, D++)
as opposed to only three (STD, D+, D++) in Figure 10. It
appears that in all five experiments, from south to north,
the sensible heat flux on average increases while the latent
heat flux decreases. This is an obvious effect of the negative
gradient in soil moisture from south to north (Figure 4). The
meridional variation of sensible heat flux and temperature
are not identical because temperature is determined not
only by the sensible heat flux but also by advective effects.
Between the experiments, large differences in sensible and
latent heat fluxes are also observed, with, as expected, an
increasing latent heat flux and decreasing sensible heat flux
with increasing soil moisture.
These meridional differences in sensible heat fluxes cause a
strong difference in the temperature of the 950–850 hPa layer
(Figure 11(b)). A strongly positive temperature gradient is
present from south to north for all five experiments, caused
by the positive gradient in sensible heat flux in this direction.
Focussing on the differences between the experiments, it
appears that in the D++ experiment temperatures in the
northerly parts of the domain are lower than in the other
experiments, caused by the lower sensible heat fluxes. In the
D+ experiment, it is also slightly cooler in this area than in
the standard experiment, although much less than in the
D++ experiment. Although this difference is small, we think
it is systematic, because in the D+ experiment temperature
becomes lower than in the STD experiment north of the
same latitude where soil moisture and the sensible heat flux
become lower than in the STD experiment.
Air temperatures can influence the geopotential height of
isobaric levels in several ways. First, it is known that higher
temperatures of a layer of air tend to lift the isobaric levels
above, by thermal expansion of the air. In turn, such a rise of
isobaric levels can lead to an outflow of air at higher levels,
so that the surface pressures drop (the development of a
‘surface heat low’). These surface pressures in turn affect the
heights of the geopotential levels above. As a result, strong
surface heating often leads to a drop in geopotential heights
of the isobaric levels that are relatively close to the surface
and a rise of geopotential heights higher up. From Figure
12(a) it follows that between the three experiments there are
strong differences in Z850. With higher soil moisture, values
of Z850 are higher, especially in the northern (drier) part
of the model domain. A logical explanation for this is that
the surface heat low that is normally present in the northern
part of the model domain (see Figure 1(a)) is reduced by the
lower temperatures, leading to higher geopotential heights
near the surface. Thus, from Figures 11 and 12(a) it can
be concluded that soil moisture has a significant effect on
Z850, most likely by modifying sensible heat fluxes and
lower tropospheric temperatures.
From Figure 12(b), it follows that the 850 hPa
meridional wind component also differs strongly between
the experiments. As these figures only show the variation
in the meridional dimension, no exact connection between
the differences in flow pattern and Z850 can be established.
However, the fact that both differ does make a connection
between the two very likely.
Summarizing the above reasoning, from Figures 11 and
12 it is concluded that in the D+ and D++ experiments the
surface sensible heat flux changes by modifying soil moisture,
affecting temperature in the lower levels of the atmosphere
and in turn affecting the Z850 pattern that determines the
850 hPa flow pattern. How exactly these parameters are
related, in a more quantitative and physical sense, was not
established. Through the modified 850 hPa stream pattern,
soil moisture most likely causes the observed differences in
the path of the convective systems in the model. In the W-
and W+ experiments, no systematic effect of the applied
modifications to soil moisture on flow patterns is found,
while there was no systematic effect on the path of the
convective systems found either. It is concluded that the
paths of squall-line-type convective systems in West Africa
in a NWP model are very sensitive to the spatial distribution
and gradients of soil moisture. The precipitation patterns
depend on whether soil moisture is altered in the wetter,
southerly parts of West Africa or in the drier, northerly parts.
Only in the latter case are effects on the path of convective
systems observed. Thus, it is likely that improving soil
moisture and/or land-surface characteristics in numerical
weather models will be strongly beneficial to forecasts of
rainfall patterns over West Africa.
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8.4. Responses to soil moisture gradients along the path of
the squall line
As a second part of our investigation, we have studied
the responses of the convective system in the model to soil
moisture gradients along its path. This concept extends to the
previously discussed work of Taylor et al. (1997) and Taylor
and Lebel (1997), who concluded that in West Africa there
is a positive feedback between soil moisture and convective
precipitation on a length-scale of less than 20 km. Figures 8
and 9 show that along the path of the system in the numerical
experiment with standard soil moisture there is a significant
gradient in initial soil moisture. For this experiment, there is
a decrease of around 0.1 m3 m−3 from east to west along the
path of the system between 25 July at 04:00 local time (time
step 27 in Figures 8 and 9) and 10:00 local time (time step
33 in Figures 8 and 9). This gradient in initial soil moisture
is present on a length-scale of some hundreds of km. Similar
initial gradients are present in the other experiments (not
shown). We have investigated whether these initial soil
moisture gradients are still present in the experiments at the
time of passage of the squall line. Subsequently, we have
analyzed whether these mesoscale along-path soil moisture
gradients have an effect on precipitation in our experiments,
via a mechanism similar to the mechanism that is proposed
in Taylor et al. (1997) for much smaller scales.
Figure 13 shows time series of average soil moisture
in a rectangle centred west (ahead) of the squall line, and
precipitation intensity in a rectangle centred east of (behind)
the squall line. By applying this method of averaging, soil
moisture is averaged over an area that is in the region
of inflow into the system, while precipitation intensity is
averaged over an area that is in the main precipitative region
of the system. Direct influences of the shown precipitation
intensity of the system on the shown soil moisture are thus
excluded, and the influence of soil moisture on precipitation
intensity is isolated from the opposite influence. Section 7
provides a detailed description of these methods.
From Figure 13(a), it follows that for all experiments
there is a decrease in soil moisture along the path of the
squall line between 05:00 and 11:00 local time of around
0.05–0.1 m3 m−3. These declines in soil moisture coincide
well with the above-mentioned negative gradients of initial
soil moisture observed along the path of the squall line.
Therefore it is concluded that the declines in soil moisture
that are visible in Figure 13(a) are caused by the spatial
gradient in initial soil moisture along the path of the squall
line. The decline in soil moisture between 05:00 and 11:00
local time is accompanied by a decline in boundary-layer
moisture (not shown). Thus it is likely that during this period
there has been a decline in the availability of boundary-layer
moisture for the squall line, caused by a decline in soil
moisture in the area ahead of the system.
For the precipitation intensity of the system, on the
morning of 25 July a very similar decline is visible. For
all experiments, precipitation intensity declines by around
20–30 mm h−1 between 5:00 and 11:00 local time. Thus,
for all experiments, the period of decline of precipitation
intensity can be explained by the period of decline in soil
moisture along the path of the system. Also, in the afternoon
of 25 July, an increase in both soil moisture and precipitation
intensity is again visible in all experiments. We can conclude
from Figure 13 that a positive effect of local soil moisture on
the precipitation intensity of the passing squall line is likely.
In order to assess whether the observed decline in
precipitation intensity can also be explained by changes
in the intensity of convection or the area of the squall line,
we have analyzed the time evolution of these properties as
well (Figure 14). To quantify the intensity of convection, we
have taken the maximum vertical velocity at 500 hPa in a
150 × 150 km2 square around the centre of the squall line.
As a proxy for the area of the system, we have taken the
area inside this 150 × 150 km2 square in which a vertical
velocity of 0.6 m s−1 is exceeded. Section 7 provides a detailed
description of these methods.
The maximum vertical velocity inside the convective
system (Figure 14(a)) for all the experiments shows a gradual
increase during the day of 25 July, up to 8–12 m s−1 around
15:00 local time. For the D+ experiment, after 15:00 local
time there is a strong decline in maximum vertical velocity,
most likely associated with a rapid decay of the system. In
the time series of maximum vertical velocity in Figure 14(a),
no signal is observed that corresponds to the decline in
precipitation intensity between 5:00 and 11:00 local time,
and thus the changes in precipitation intensity cannot be
associated with a change in the intensity of convection inside
the system.
In all experiments, the area of the convective region of
the system (Figure 14(b)) characterizes a stage in which the
system is growing, until around 04:00 local time. Then a
mature stage is observed until around 11:00 local time in all
experiments, followed by a decaying stage (except for the W-
experiment, in which the system keeps growing during the
period shown in Figures 13 and 14). For all experiments, the
decline in precipitation intensity observed in Figure 13(a)
between 05:00 and 11:00 local time cannot be associated
with changes in the area of the convective region in Figure
14(b).
The fact that for all three experiments a decline in
precipitation intensity is observed that can be explained
by a decline in soil moisture, while it cannot be explained
by the evolution of the area of the squall line or its intensity
of convection, provides evidence for a positive influence of
soil moisture on precipitation intensity in our experiments.
Furthermore, it is likely that the discussed influence of soil
moisture on precipitation does not act through an increased
thermodynamical instability with increased soil moisture,
because then it would likely be reflected in the convective
intensity and/or in the area of the system as well. Most likely,
it is a mechanism in which more precipitation is produced
mostly by the higher availability of moisture in the squall-
line inflow and not so much by the effects of moisture
on instability. Thus, it is likely that the moist static energy
that was pointed out by Taylor et al. (1997) as responsible
for the observed positive feedbacks between soil moisture
and precipitation is not the main actor in the mechanism
observed here.
9. Conclusions
The response of convective precipitation in West Africa to
differences in soil moisture was investigated. A squall-line
situation observed near Niamey (Niger) on 25 July 2006
was reproduced with the mesoscale weather model WRF-
ARW. Five numerical experiments were carried out, varying
soil moisture. Between these experiments, soil moisture was
varied such that the influence of increasing and decreasing
soil moisture in different regions of the considered area
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Figure 13. Time series of (a) upper-layer mean soil moisture content in a 65 × 150 km2 rectangle west (ahead) of the squall line and (b) mean precipitation
intensity in a 85 × 150 km2 rectangle east (behind) the squall line, in all experiments. The x-axis denotes local time.
Figure 14. Time series of (a) maximum vertical velocity and (b) area with vertical velocity exceeding 0.6 m s−1, in a 150 × 150 km2 square around the
centre of the squall line, in all experiments. The x-axis denotes local time.
could be studied. Our aim was to analyze how the squall
line responds to these different soil moisture modifications,
and also to study how its precipitation intensity varies in
response to spatial gradients in soil moisture along its path.
From an observational validation of the surface-energy
balance, it follows that the applied modifications to soil
moisture induce significant modifications to the surface
heat fluxes and to the vertical structure of the atmosphere.
According to the validation of the model against surface
and upper-air observations, the surface energy balance near
Niamey agreed most with observations when soil moisture
was increased in the drier parts of the model domain.
The most important difference between the experiments
in the evolution of the squall line is that with increasing soil
in the drier parts of the model domain (experiments D+ and
D++) the system takes a more northerly path, while with
decreasing or increasing soil moisture in the wetter parts of
the model domain (experiments W- and W+) no significant
effect on the path of the squall line was observed. The
deviations in path with respect to the standard experiment,
observed in the D+ and D++ experiments, are linked to a
difference in 850 hPa flow, based on the theory of Corfidi
et al. (1996) and Laing and Fritsch (1993). The effects in
the model of the applied soil moisture modifications on,
subsequently, the sensible heat flux, the temperature below
the 850 hPa level and the geopotential height of the 850 hPa
level are discussed. From this it is concluded that it is likely
that the soil moisture modifications have influenced the
850 hPa flow pattern, causing the deviations in the path
of the squall line. These conclusions are also in line with
the findings of Douville (2002), who stated that in West
Africa soil moisture affects precipitation not only locally but
also remotely. This mechanism of soil moisture affecting
the lower tropospheric flow pattern can be connected to
that proposed by Yan and Anthes (1988). Because the
experiments with increased soil moisture values in the drier
parts of the model domain yield a surface-energy balance that
agrees better with observations than the other experiments,
it is also concluded that improving soil moisture fields and
land-surface characteristics in mesoscale weather models
has significant effects on the determination of a squall line’s
path.
In all numerical experiments, a significant decrease in
upper-layer soil moisture in the inflow region of the squall
line was observed on the morning of 25 July 2006. This
decrease is caused by a negative gradient in initial soil
moisture along the path of the system. In all experiments, a
remarkable similarity is observed between this decline of soil
moisture in the inflow region and a decline of precipitation
intensity in the precipitative region of the squall-line system.
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Thus it is likely that in the experiments there is a positive
effect of local soil moisture on precipitation intensity in
the squall line passing over. This correlation is related to a
mechanism similar to that proposed by Taylor et al. (1997)
and Taylor and Lebel (1997), to explain observed positive
feedbacks between soil moisture and precipitation. In the
present study, however, it is acting on horizontal length-
scales of around 100 km instead of the 10–20 km length-
scales considered in their study. To complete this analysis,
time series of maximum vertical velocity in the squall line
and of the area of its convective region are analyzed. In
these variables, no signal is found that corresponds to the
decline in local soil moisture and precipitation intensity of
the system. From this it is concluded that it is unlikely that
soil moisture in our experiments enhances precipitation
through an increase in thermodynamic instability, as is
assumed in Taylor et al. (1997). In the present study we have
not looked at advective inputs of air moisture, so it would
be an interesting subject for further study to investigate this
coupling between soil moisture and local precipitation using
a more complete moisture budget.
The above discussed effects of soil moisture on local
precipitation in passing squall lines as well as their
effects on the larger-scale flow and remote precipitation
patterns are mostly qualitative. We strongly recommend
carrying out more detailed and quantitative analyses in
order to learn more about the mechanisms that link soil
moisture to local and remote precipitation patterns, in
West Africa and in other parts of the world. Not much
is known about these mechanisms, and improving our
knowledge and incorporating it into numerical weather
models could significantly improve precipitation forecasts
in semi-arid regions, over medium and seasonal forecast
ranges.
Acknowledgements
The authors kindly thank all contributors to the data
sets used in this study, which were produced as part
of the AMMA campaign. Based on a French initiative,
AMMA was built by an international scientific group
and is currently funded by a large number of agencies,
especially from France, UK, US and Africa. It has been
the beneficiary of a major financial contribution from
the European Community’s Sixth Framework Research
Programme. Detailed information on scientific coordination
and funding is available on the AMMA International web
site http://www.amma-international.org.
References
Barthe C, Asencio N, Lafore JP, Chong M, Campistron B. 2010. Multi-
scale analysis of the 25–27 July 2006 convective period over Niamey:
Comparison between Doppler radar observations and cloud-resolving
simulations. Q. J. R. Meteorol. Soc. 136: 190–208.
Charney JG. 1975. Dynamics of deserts and droughts in the Sahel. Q. J.
R. Meteorol. Soc. 101: 193–202.
Corfidi SF, Meritt JH, Fritsch JM. 1996. Predicting the movement of
mesoscale convective complexes. Weather and Forecasting 11: 41–46.
Diedhiou A, Viltard A, De Felice P, Laurent H. 1999. Easterly wave
regimes and associated convection over West Africa and the tropical
Atlantic: results from the NCEP/NCAR and ECMWF reanalyses.
Clim. Dyn. 15: 795–822.
Douville H. 2002. Influence of soil moisture on the Asian and African
monsoons. J. Climate 15: 701–720.
Douville H, Chauvin F, Broqua H. 2001. Influence of soil moisture on
the Asian and African monsoons. Part I: mean monsoon and daily
precipitation. J. Climate 14: 2381–2403.
Dudhia J. 1989. Numerical study of convection observed during the
winter monsoon experiment using a mesoscale two-dimensional
model. J. Atmos. Sci. 46: 3077–3107.
Ek MB, Mitchell KE, Lin Y, Rogers E, Grunmann P, Koren V, Gayno G,
Tarpley JD. 2003. Implementation of Noah land surface model
advances in the National Centers for Environmental Prediction
operational mesoscale Eta model. J. Geophys. Res. 108(D22): 8851.
Gaertner MA, Domı´nguez M, Garvert M. 2010. A modelling case-study
of soil moisture–atmosphere coupling. Q. J. R. Meteorol. Soc. 136:
483–495.
Gantner L, Kalthoff N. 2010. Sensitivity of a modelled life cycle of a
mesoscale convective system to soil conditions over West Africa. Q.
J. R. Meteorol. Soc. 136: 471–482.
Hacker JP. 2010. Spatial and temporal scales of boundary layer wind
predictability in response to small-amplitude land surface uncertainty.
J. Atmos. Sci. 12: 2139–2153.
Hong SY, Noh Y. 2006. A new vertical diffusion package with an
explicit treatment of entrainment processes. Mon. Weather Rev. 134:
2318–2341.
Houze RA. 1977. Structure and dynamics of a tropical squall line. Mon.
Weather Rev. 105: 1540–1567.
Kain JS. 1993. Convective parameterisation for mesoscale models: The
Kain–Fritsch scheme. Bull. Am. Meteorol. Soc. 46: 165–170.
Kohler M, N K, C K. 2009. The impact of soil moisture on CBL
characteristics in West Africa: A case study from the AMMA
campaign. Q. J. R. Meteorol. Soc. 136: 442–455.
Koster RD, Dirmeyer PA, Guo Z, Team G. 2004. Regions of strong
coupling between soil moisture and precipitation. Science 405:
1138–1140.
Laing AG, Fritsch JM. 1993. Mesoscale convective complexes in Africa.
Mon. Weather Rev. 121: 2254–2263.
Lin YL, Rarley RD, Orville HD. 1983. Bulk parameterization of the snow
field in a cloud model. J. Appl. Meteorol. 22: 1065–1092.
Mlawer EJ, Taubman SJ, Brown PD, Iacono MJ, Clough SA. 1997.
Radiative transfer for inhomogenious atmospheres: RRTM, a
validated correlated-k model for the longwave. J. Geophys. Res. 102:
663–682.
Nicholson S. 2000. Land surface processes and Sahel climate. Rev.
Geophys. 38: 117–139.
Peters M, Tetzlaff G. 1988. The structure of West African squall lines
and their environmental moisture budget. Meteorol. Atmos. Phys. 39:
74–84.
Ramier D, Boulain N, Cappelaere B, Timouk F, Rabanit M, Lloyd CR,
Boubkraoui S, Me´tayer F, Descroix L, Wawrzyniak V. 2009. Towards
an understanding of coupled physical and biological processes in the
cultivated Sahel – 1. Energy and water. J. Hydrol. 375: 204–216.
Redelsperger J, Thorncroft CD, Diedhiou A, Lebel T, Parker DJ, Polcher.
2006. African Monsoon Multidisciplinary Analysis. An international
research project and field campaign. Bull. Am. Meteorol. Soc. 87:
1739–1746.
Rowell DP, Milford J. 1993. J. Climate 6: 1181–1193.
Skamarock WC, Klemp JB, Dudhia J, Gill DO, Barker DM, Wang W,
Powers JG. 2008. ‘A description of the Advanced Research WRF version
3’. NCAR Technical Note 475. NCAR: Boulder, Colorado, USA.
Sultan B, Baron C, Dungkuhn M, Sarr B, Janicot S. 2005. Agricultural
impacts of large-scale variability of the West African monsoon. Agric.
Forest Meteorol. 128: 93–110.
Taylor CM, Ellis RJ. 2006. Satellite detection of soil moisture impacts on
convection at the mesoscale. Geophys. Res. Lett. 33: L03404.
Taylor CM, Lebel T. 1997. Observational evidence of persistent
convective-scale rainfall patterns.Mon.Weather Rev. 126: 1597–1607.
Taylor CM, Lebel T. 2007. An observational case study of mesoscale
atmospheric circulations induced by soil moisture. Geophys. Res. Lett.
34: L15801.
Taylor CM, Saı¨d F, Lebel T. 1997. Interactions between the land
surface and mesoscale rainfall variability during HAPEX–Sahel. Mon.
Weather Rev. 125: 2211–2227.
Taylor CM, Harris PP, J PD. 2010. Impact of soil moisture on the
development of a Sahelian mesoscale convective system: A case-study
from the AMMA special observing period. Q. J. R. Meteorol. Soc. 136:
456–470.
Yan H, Anthes RA. 1988. The effect of variations in surface moisture on
mesoscale circulations. Mon. Weather Rev. 116: 192–208.
Copyright c© 2010 Royal Meteorological Society Q. J. R. Meteorol. Soc. 136: 2162–2175 (2010)
